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Abstract 
Objective: The purpose of this investigation was to examine the ability of the elec-
tromyographic (EMG) and mechanomyographic (MMG) amplitude versus torque 
relationships to track group and individual changes in muscle hypertrophy as a 
result of resistance training. 
Approach: Twelve women performed four weeks of forearm flexion blood flow re-
striction (BFR) resistance training at a frequency of three times per week. The 
training was performed at an isokinetic velocity of 120°∙s−1 with a training load 
that corresponded to 30% of concentric peak torque. Muscle hypertrophy was 
determined using ultrasound-based assessments of muscle cross-sectional area 
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from the biceps brachii. Training-induced changes in the slope coefficients of 
the EMG amplitude and MMG amplitude versus torque relationships were de-
termined from the biceps brachii during incremental (10%–100% of maximum) 
isometric muscle actions. 
Main results: There was a significant (p < 0.001; d = 2.15) mean training-induced 
increase in muscle cross-sectional area from 0 week (mean ± SD = 5.86 ± 0.65 
cm2) to 4 weeks (7.42 ± 0.80 cm2), a significant (p = 0.023; d = 0.36) decrease in 
the EMG amplitude versus torque relationship (50.70 ± 20.41 to 43.82 ± 17.76 
μV∙Nm−1), but no significant (p = 0.192; d = 0.17) change in the MMG amplitude 
versus torque relationship (0.018 ± 0.009 to 0.020 ± 0.009 m∙s−2∙Nm−1). There was, 
however, great variability for the individual responses for the EMG and MMG am-
plitude versus torque relationships. 
Significance: The results of the present study indicated that the EMG amplitude, but 
not the MMG amplitude versus torque relationship was sensitive to mean changes 
in muscle cross-sectional area during the early-phase of resistance training. There 
was, however, great variability for the individual EMG amplitude versus torque 
relationships that limits its application for identifying individual changes in mus-
cle hypertrophy as a result of BFR.  
Keywords: resistance training, muscle activation, low-load, blood flow restriction 
1. Introduction 
Moritani and deVries (1979) proposed an electromyographic (EMG) tech-
nique called efficiency of electrical activity (EEA) for estimating the relative 
contributions of neural and hypertrophic adaptations to resistance training-
induced increases in muscle strength. The EEA technique involves plotting 
EMG amplitude versus force for a series of submaximal and maximal isomet-
ric muscle actions prior to and after a resistance training intervention (Mori-
tani and deVries 1979). Theoretically, a training-induced increase in maxi-
mal EMG amplitude reflects greater maximal muscle activation as a result 
of neural adaptations, while a decrease in the EEA slope coefficient reflects 
hypertrophy because less muscle activation is required to produce a spe-
cific level of force. Specifically, Moritani and deVries (1979) suggested that 
‘the increase in cross-sectional area was highly correlated with the decrease 
in the EMG slope coefficient… This finding provides further strong support 
for the concept of (EEA) that the ratio of a given muscle activation level to 
the force produced reflects not only a genotypic factor… but also a pheno-
typic factor, i.e. the level of fiber hypertrophy…’ (Moritani and deVries 1979, 
pp 120–2). Moritani and deVries (1979) found that after eight weeks of resis-
tance training neural and hypertrophic adaptations accounted for approxi-
mately 15 and 85% of the increases in isometric strength, respectively. The 
RH Segoe Text 8 pt SC      2
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EEA technique of Moritani and deVries (1979) has also been used to exam-
ine muscle atrophy (deVries 1968), the time-course of neural versus hyper-
trophic adaptations to training (Moritani and deVries 1979), and the char-
acteristics of the cross-education effect in both young and elderly subjects 
(Moritani and deVries 1981). 
DeFreitas et al (2012) applied the mathematical model of Moritani and 
deVries (1979) to the mechanomyographic (MMG) signal to describe the 
time-course of muscle hypertrophy. Specifically, DeFreitas et al (2012) plot-
ted the MMG amplitude versus force relationships across submaximal in-
tensities of the pretraining maximal voluntary isometric contraction (MVIC) 
value prior to and after a resistance training intervention. DeFreitas et al 
(2012) hypothesized that a decrease in the slope coefficient of the MMG 
amplitude versus force relationship reflected muscle hypertrophy because 
a fewer number of motor units would be required to produce pretrain-
ing force levels. Specifically, ‘increased contractile protein content would 
cause each fiber, and therefore each motor unit, to be able to produce 
more force. So after the occurrence of skeletal muscle hypertrophy, fewer 
motor units would be required to produce the same amount of force when 
compared to before training.’ (DeFreitas et al 2012, p 1359). Consistent 
with this hypothesis, DeFreitas et al (2012) reported that the slope coef-
ficients of the MMG amplitude versus force relationship decreased after 
four weeks (0.0074 to 0.0049 m∙s−2 kg−1) and eight weeks (0.0074 to 0.0048 
m∙s−2 kg−1) of resistance training and attributed these decreases to mus-
cle hypertrophy. Thus, theoretically, resistance training-induced decreases 
in the slope coefficients of the EMG amplitude and MMG amplitude ver-
sus force relationships reflect muscle hypertrophy. No previous investiga-
tions, however, have independently examined the MMG amplitude ver-
sus force relationship as an indicator of hypertrophy. Furthermore, little is 
known regarding the sensitivity of EMG amplitude and MMG amplitude 
versus force relationships for identifying resistance training-induced hy-
pertrophic adaptations for individual subjects. Therefore, the purpose of 
this investigation was to examine the ability of the EMG and MMG tech-
niques to track group and individual changes in muscle hypertrophy as a 
result of resistance training. Based on previous investigations (Moritani and 
deVries 1979, DeFreitas et al 2012), we hypothesized that there would be 
decreases in the slope coefficients of the EMG and MMG amplitude ver-
sus force relationships for the group data as a result of resistance train-
ing and these responses would be consistent with the increases in muscle 
cross-sectional area. Furthermore, we hypothesized both the EMG ampli-
tude and MMG amplitude versus force relationships would be sensitive to 
hypertrophic adaptations for individual subjects. 
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2. Methods 
2.1. Subjects 
Twelve non-resistance trained women volunteered to participate in this in-
vestigation (n = 12; mean age ± SD = 22.1 ± 1.7 years; body mass = 55.4 ± 
5.0 kg; height = 165.9 ± 5.2 cm). These subjects were part of a larger inves-
tigation that have been published previously (Hill et al 2018) for purposes 
unrelated to this study. All subjects were recreationally active at the time of 
testing, but had not been actively participating in resistance training for at 
least the past six months. The subjects had no known cardiovascular, pul-
monary, metabolic, muscular, and/or coronary heart disease, or regularly 
used prescription medication. The subjects visited the laboratory on 15 oc-
casions (familiarization, baseline, 13 testing/training visits) within a 5 week 
period and performed the testing procedures at the same time of day (±2 
h). The study was approved by the University Institutional Review Board for 
Human Subjects and all subjects completed a health history questionnaire 
and signed a written informed consent prior to testing. 
2.2. Procedures 
2.2.1. Familiarization 
The first laboratory visit consisted of an orientation session to familiarize 
the subjects with the testing protocols. During the orientation, subjects per-
formed submaximal and maximal isometric muscle actions as well as sub-
maximal and maximal concentric isokinetic muscle actions of the forearm 
flexors at 120°∙s−1. To familiarize the subjects with the training protocols, the 
subjects also practiced performing concentric isokinetic muscle actions at 
30% of their concentric peak torque. Torque was visually tracked using real-
time torque displayed on a computer monitor. In addition, a blood flow re-
striction (BFR) device (KAATSU Master, Sato Sports Plaza, Tokyo, Japan) was 
applied to familiarize the subjects with the training procedures. Following 
the familiarization visit, the subjects completed three testing visits (base-
line, 0 week, and 4 week) and 12 training visits (Table 1). The data from the 
baseline visit was used for reliability purposes. 
2.2.2. Determination of concentric peak torque and MVIC 
During all testing and training visits, the subjects performed a warm-up 
consisting of 10 submaximal (approximately 50% effort), concentric-eccen-
tric muscle actions at 120°∙s−1 on the isokinetic dynamometer. On baseline, 
0 week, and 4 week testing visit, following the warmup the subjects rested 
for 5 min and then randomly performed two pretest concentric peak torque 
and two MVIC trials. The concentric muscle actions were performed through 
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a 120° range of motion (0–120° of elbow flexion, where 0° corresponds to 
full elbow extension) and the MVIC muscle actions were performed at a joint 
angle of 45° at the elbow. 
2.2.3. Concentric training intervention 
The subjects completed four weeks of concentric BFR training at a frequency 
of three training sessions per week for a total of 12 training sessions. The 
training interventions consisted of 75 concentric forearm flexion muscle ac-
tions performed over four sets (1 × 30, 3 × 15) and each set was separated 
by 30 s of rest. The training intervention was randomly assigned to either 
the dominant or non-dominant arm. All muscle actions were performed at 
a velocity of 120°∙s−1 using an isokinetic dynamometer (Cybex 6000, LUMEX, 
Inc. Ronkonkoma, New York). 
2.2.4. Blood flow restriction (BFR) 
BFR was applied using a 30 mm wide cuff (KAATSU Master, Sato Sports Plaza, 
Tokyo, Japan) placed on the most proximal portion of the arm. The cuff pres-
sure was initially applied at 30 mm Hg and progressively inflated and de-
flated over a 60 s period until the target pressure was reached. Target pres-
sure was calculated at the baseline, 0 week, and 2 week visits as 40% of the 
lowest amount of pressure needed to completely occlude the brachial artery 
as indicated by ultrasound (Loenneke et al 2013, 2016, Counts et al 2016). 
The cuff remained inflated during the duration of the training bout and was 
Table 1. Overview of the procedures performed at each testing and training visit.
Familiarization  Baseline  0 week  12 training sessions  4 weeks
Paperwork  Determination  Determination  75 (1×30, 3×15) Determination of 
   of concentric    of concentric    concentric forearm    concentric
   peak torque    peak torque   flexion repetitions at    peak torque
   and MVIC   and MVIC   30% of concentric peak    and MVIC
     torque performed with 
     BFR at 40% of arterial 
     occlusion pressure
Submaximal and Determination   Determination   MVIC EMG and 
  maximal concentric   of BFR target    of BFR target     MMG amplitude 
  and isometric   pressure   pressure    assessments
  repetitions    
Concentric MVIC EMG  MVIC EMG   Submaximal EMG and
  repetitions at 30%   and MMG    and MMG     MMG amplitude 
  of concentric    amplitude    amplitude    assessments
  peak torque   assessments   assessments    (10%–100%)
BFR application  Muscle cross- Submaximal EMG  Muscle cross-
   sectional area    and MMG amplitude   sectional area
   via ultrasound   assessments    via ultrasound
    (10%–100%)
  Muscle cross-sectional
    area via ultrasound
E .C .  Hill  et  al .  in Phys iological  Measurement 40  (2019)       6
deflated immediately after completing the 75 repetitions. The total duration 
of BFR was approximately five minutes. 
2.2.5. Neuromuscular-based assessments of muscle hypertrophy 
During the baseline, 0 week and 4 week testing visits, pre-gelled surface 
electrodes (Ag/AgCl, AccuSensor, Lynn Medical, Wixom, MI, USA) were 
placed in a bipolar arrangement (30 mm center-to-center) on the biceps 
brachii muscle of the training arm according to the recommendations of 
Barbero et al (2012). The reference electrode was placed over the acromion 
process and prior to each electrode placement, the skin was shaved, carefully 
abraded, and cleaned with alcohol. The MMG signal was detected using an 
accelerometer (Entran EGAS FT 10, dimensions: 1.0 × 1.0 × 0.5 cm, mass: 1.0 
g) that was placed between the proximal and distal EMG electrodes of the 
bipolar arrangement using double-sided adhesive tape. The raw EMG and 
MMG signals were digitized at 2000 Hz with a 32-bit analog-to-digital con-
verter (Model MP150, Biopac Systems, Inc.) and stored in a personal com-
puter (ATIV Book 9 Intel Core i7 Samsung Inc., Dallas, TX) for subsequent 
analyses. The EMG signals were amplified (gain: ×1000) using differential 
amplifiers (EMG 100, Biopac Systems, Inc., Santa Barbara, CA). The EMG and 
MMG signals were digitally bandpass filtered (fourth-order Butterworth, 
zero-phase shift) at 10–500 Hz and 5–100 Hz, respectively. 
To replicate the methods of Moritani and deVries (1979) and DeFreitas 
et al (2012) the subjects performed incremental isometric muscle actions at 
10%–100% of their 0 week MVIC torque in 10% increments. Each incremen-
tal muscle action was performed until target torque was sustained for a pe-
riod of 3 s and EMG and MMG signals were simultaneously recorded. The 
EMG values were expressed as the integral of the time-averaged amplitude 
value (μV) (Basmajian and De Luca 1985) and the amplitude of MMG signals 
were calculated as the root-mean-square and expressed as m∙s−2 (DeFreitas 
et al 2011). The subsequent EMG and MMG values were then used to de-
rive the EMG versus torque (μV∙Nm−1) and MMG versus torque (m∙s−2∙Nm−1) 
relationships. The same procedures were performed at the 4 week testing 
visit during which the subjects also performed an additional MVIC muscle 
action to obtain their 4 week MVIC value. 
2.2.6. Ultrasound-based assessment of muscle hypertrophy 
To examine muscle hypertrophy, ultrasound assessments of muscle cross-
sectional area were performed prior to each testing visit. Ultrasound im-
ages of the trained arms (biceps brachii) were obtained using a portable 
brightness mode (B-mode) ultrasound-imaging device (GE Logiq, Boston, 
MA, USA) and a multi-frequency linear-array probe (12L-Rs; 5–13 MHz; 
38.4 mm field-of-view). All ultrasound measurements were performed at a 
sampling rate of 10 MHz and at a gain of 58 dB. Ultrasound images were 
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analyzed using ImageJ software (Version 1.47v., National Institutes of Health, 
Bethesda, MD, USA) and prior to all analyses, images were scaled from pix-
els to centimeters using the straight-line function in ImageJ. Muscle cross-
sectional area was determined using the same procedures that we have de-
scribed previously (Jenkins et al 2015). Briefly, muscle cross-sectional area 
was assessed at 66% of the distance from the medial acromion of the scap-
ula to the fossa cubit. Muscle cross-sectional area was determined by slowly 
moving the probe from the most medial to the most lateral aspect of the 
biceps brachii using the panoramic mode on the ultrasound device and de-
rived using the polygon function in ImageJ (Figure 1). Great care was taken 
to ensure that consistent, minimal pressure was applied with the probe to 
limit compression of the artery. To enhance acoustic coupling and reduce 
near field artifacts, a generous amount of water-soluble transmission gel 
was applied to the skin prior to each measurement. 
2.3. Data analysis 
2.3.1. Reliability 
Test-retest reliability for concentric peak torque, MVIC, muscle cross-sec-
tional area, EMG amplitude, and MMG amplitude were assessed from the 
baseline and 0 week testing visits. Repeated measures ANOVAs were used 
to assess systematic error, and model 2,k (26) were used to calculate intra-
class correlation coefficients (ICCs), standard errors of measurement (SEM), 
and minimal difference (MD) needed to consider a change as ‘real’ (29). The 
95% confidence intervals for the means of the dependent variables were cal-
culated with the studentized t-distribution. 
Figure 1. A panoramic ultrasound image of the forearm flexors used to determine 
muscle cross-sectional area of the biceps brachii muscle. Muscle cross-sectional area 
was determined by slowly moving the probe from the most medial to the most lat-
eral aspect of the biceps brachii using the panoramic mode on the ultrasound de-
vice and derived using the polygon function in ImageJ.  
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2.3.2. Statistical analyses 
Muscle cross-sectional area was examined from the 0 week to 4 week test-
ing visits using a paired samples t-test and the effect sizes for the paired 
t-tests were interpreted using Cohen’s d. To determine the slope coeffi-
cients of the EMG amplitude versus torque relationships, separate linear 
regression analyses were performed on the individual EMG amplitude ver-
sus torque relationships from 10%–100% of MVIC at the 0 week and 4 week 
testing visits (Moritani and deVries 1979). In addition, separate linear re-
gression analyses were performed on the individual MMG amplitude ver-
sus torque relationships from 10%–60% of MVIC at the 0 week and 4 week 
testing visits. This portion of the MMG amplitude versus torque relation-
ship was selected based on previous investigations (Beck et al 2009, Stock 
et al 2010, DeFreitas et al 2011) that have reported that the MMG versus 
torque relationship increases linearly from 10% to 60%–80% of MVIC for 
the forearm flexors. The slope coefficients of the individual EMG and MMG 
amplitude versus torque relationships were examined across the 0 week 
and 4 week testing visits as described by Pedhazur (1997) and DeFreitas et 
al (2011). Briefly, a common regression coefficient is determined from the 
pooled sums of products and the pooled sums of squares between con-
ditions. If the increment in the proportion of variance accounted for by 
the individual slope coefficients was statistically greater than the propor-
tion of variability accounted for by the common regression coefficient, it 
was concluded that the slope coefficients between conditions were statis-
tically different. All statistical analyses were performed using IBM SPSS v. 
25 (Armonk, NY) and an alpha of p ≤ 0.05 was considered statistically sig-
nificant for all regression analyses. As recommended by Pedhazur (1997), 
an alpha of p ≤ 0.10 was considered statistically significant for the indi-
vidual slope coefficient analyses. 
3. Results 
3.1. Reliability 
Table 2 includes the test-retest reliability and MD values from the baseline 
and 0 week measurements of concentric peak torque, MVIC, muscle cross-
sectional area, EMG amplitude, and MMG amplitude. There were no mean 
differences for baseline versus 0 week testing visits (p > 0.05) for any of 
the variables. The ICC values ranged from 0.719–0.948 and the SEM values 
ranged from 3.8%–16.7% of the grand mean.  
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3.2. Muscle cross-sectional area 
Muscle cross-sectional area increased significantly (p < 0.001; d = 2.15) from 
0 week (mean ± SD = 5.86 ± 0.65 cm2) to 4 weeks (7.42 ± 0.80 cm2) and ex-
ceeded the MD of 0.74 cm2 (Figure 2). 
Table 2. Test-retest reliability assessed from the baseline and 0 week testing visits for all subjects (n = 12).
Variables                                           Baseline                 0 week          p-value        ICC           ICC95%          SEM         MD    Grand mean
Muscle cross-sectional Area (cm2)  5.96 ± 0.52  5.86 ± 0.65  0.345  0.904  0.517-0.972  0.26  0.74  5.91
Concentric peak torque (Nm)  18.5 ± 4.3  18.3 ± 3.8  0.812  0.915  0.699-0.975  1.7  4.8  18.4
MVIC (Nm)  20.2 ± 6.0  19.8 ± 6.7  0.701  0.948  0.820-0.985  2.1  5.9  20.0
MVIC EMG amplitude (μV)  1115.2 ± 315.6  1160.5 ± 414.2  0.411  0.935  0.783-0.981  76.7  220.2  1137.9
MVIC MMG amplitude (m∙s−2)  0.54 ± 0.27  0.60 ± 0.22  0.191  0.926  0.731-0.979  0.09  0.27  0.57
Note: p-value (ANOVA for systematic error), intraclass correlation coefficient (ICC), ICC 95% confidence interval (ICC95%), standard 
error of the measurement (SEM), minimal difference (MD), maximal voluntary isometric contraction (MVIC), electromyography (EMG) 
and mechanomyography (MMG).
Figure 2. The individual subject responses as well as the mean ± SD for muscle 
cross-sectional area (MCSA) from 0 week to 4 week testing visit. The MD needed 
for a change to be considered “real” is plotted and derived using standard error of 
measurement (SEM) values from the reliability data in Table 2 and using the equa-
tion, MD = SEM × 21/2 × df (Weir 2005). Note. Subject 1 in Figure 1 is also Subject 
1 in Tables 3 and 4. This is true for all subjects.   
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3.3. EMG and MMG versus torque relationships 
The EMG amplitude versus torque relationships increased linearly from 10%–
100% of MVIC for all subjects (Table 3), but the MMG amplitude versus 
torque relationships in the present study increased linearly from 10%– 60% 
of MVIC (Table 4) and plateaued between 60-90% of MVIC (Figures 3 and 
4, respectively). There was a significant (p = 0.023; d = 0.36) mean decrease 
in the EMG amplitude versus torque relationship from the 0 week (50.70 ± 
20.41 μV∙Nm−1) to 4 week (43.82 ± 17.76 μV∙Nm−1) testing visits. For the in-
dividual EMG amplitude versus torque relationships, there were significant 
(p ≤ 0.10) decreases in the slope coefficients from 0 week to 4 weeks for 
four of the 12 subjects, significant increases for two of the 12 subjects, and 
no changes in the slope coefficients for the remaining six subjects (Table 3). 
There was no significant (p = 0.192; d = 0.17) mean change in the MMG am-
plitude versus torque relationship from 0 week (0.018 ± 0.009 m∙s−2∙Nm−1) 
to 4 weeks (0.020 ± 0.009 m∙s−2∙Nm−1). For the individual MMG amplitude 
versus torque relationships, there was a significant (p = 0.005) decrease in 
the slope coefficient from 0 week to 4 weeks for one of the 12 subjects, a 
significant (p = 0.024) increase for one of the 12 subjects, and no changes 
for 10 of the 12 subjects (Table 4). 
Table 3. The individual and mean slope and regression coefficients of the EMG am-
plitude versus torque relationships for 0 week and 4 weeks derived from the lin-
ear regression analyses for the incremental isometric muscle actions performed at 
10%–100% of the 0 week MVIC torque.
                             0 week                                      4 week                    Slope comparisons
Subject   Slope (μV∙Nm−1)        r2                   Slope (μV∙Nm−1)          r2                             p-value
1  52.80  0.967  47.67  0.967  0.294
2  74.12  0.922  63.67  0.962  0.274
3  23.92  0.986  31.13  0.979  0.004b
4  36.67  0.963  14.20  0.555  < 0.001a
5  45.48  0.847  53.09  0.976  0.334
6  43.49  0.963  25.14  0.758  0.003a
7  56.91  0.963  35.19  0.760  0.004a
8  60.59  0.942  65.32  0.920  0.624
9  32.67  0.934  41.44  0.936  0.046b
10  49.35  0.923  51.59  0.952  0.751
11  98.53  0.932  70.33  0.939  0.012a
12  33.83  0.850  27.09  0.893  0.280
Mean  50.70  0.990  43.82  0.959  0.023a
a. Significant (p ≤ 0.05) decrease in the slope coefficient from 0 week to 4 weeks.
b. Significant (p ≤ 0.05) increase in the slope coefficient from 0 week to 4 weeks.
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4. Discussion 
The present findings indicated that four weeks of BFR resistance training 
increased mean muscle cross-sectional area, and 10 of the 12 subjects ex-
ceeded the MD to be considered a ‘real’ change (Figure 2). The 26.6% mean 
increase in muscle cross-sectional area in the present study was consistent 
with previous investigations (Takarada et al 2002, Fujita et al 2008, Lauren-
tino et al 2012, Yasuda et al 2013, Ellefsen et al 2015) that have reported sim-
ilar mean increases (3.5%–20.3%) as a result of BFR resistance training. For 
example, Yasuda et al (2013) reported absolute mean increases of 1.7 cm2 
(14.7 ± 1.0 to 16.4 ± 1.4 cm2) in men that were larger than the 1.56 cm2 (5.86 
± 0.65 cm2 to 7.42 ± 0.80 cm2) for the women in the present study. In addi-
tion, Yasuda et al (2013) reported increases of 10.6-12.0% and Takarada et al 
(2000) reported an increase of 20.3% in muscle cross-sectional area follow-
ing 6–16 weeks of BFR forearm flexion resistance training at 30%–50% of 1 
RM. For the leg extensors, increases of 3.5%–7.0% in muscle cross-sectional 
area have been reported following 1–12 weeks of BFR leg extension resis-
tance training at 20%–30% of 1RM (Fujita et al 2008, Laurentino et al 2012, 
Ellefsen et al 2015). Thus, the present findings, in conjunction with previous 
Table 4. The individual and mean slope and regression coefficients of the MMG 
amplitude versus torque relationships for 0 week and 4 weeks derived from the lin-
ear regression analyses for the incremental isometric muscle actions performed at 
10%–60% of the 0 week MVIC torque.
                              0 week                                        4 week                 Slope comparisons
Subject     Slope (m∙s−2∙Nm−1)     r2             Slope (m∙s−2∙Nm−1)      r2                              p-value
1  0.016  0.675  0.021  0.900  0.436
2  0.030  0.970  0.013  0.968  0.005a
3  0.020  0.940  0.022  0.706  0.765
4  0.009  0.928  0.016  0.883  0.211
5  0.011  0.914  0.010  0.942  0.900
6  0.016  0.885  0.009  0.907  0.371
7  0.019  0.944  0.029  0.947  0.024b
8  0.011  0.937  0.017  0.845  0.314
9  0.024  0.971  0.037  0.750  0.168
10  0.037  0.864  0.027  0.748  0.413
11  0.009  0.789  0.023  0.808  0.101
12  0.016  0.933  0.010  0.809  0.426
Mean  0.018  0.980  0.020  0.988  0.192
a. Significant (p ≤ 0.05) decrease in the slope coefficient from 0 week to 4 weeks.
b. Significant (p ≤ 0.05) increase in the slope coefficient from 0 week to 4 weeks.
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investigations (Takarada et al 2002, Fujita et al 2008, Laurentino et al 2012, 
Yasuda et al 2013, Ellefsen et al 2015) demonstrated that 1–16 weeks of BFR 
resistance training at 30%–50% of 1 RM resulted in increases in muscle size. 
Moritani and deVries (1979) used changes in the EMG amplitude ver-
sus force relationship to determine the time-course of the relative contri-
butions of neural factors and hypertrophy to increases in strength. Specifi-
cally, a training-induced increase in maximal EMG amplitude was attributed 
to neural factors, while a decrease in the slope coefficient of the EMG 
amplitude versus force relationship reflected hypertrophy (Moritani and 
deVries 1979). As a result of eight weeks of forearm flexion resistance train-
ing at 66% of 1 RM, Moritani and deVries (1979) reported a training-in-
duced decrease in the slope coefficient of the EMG amplitude versus force 
relationship and an increase in the anthropometrically estimated (skinfold 
corrected girth measure) arm cross-sectional area. The authors (Moritani 
and deVries 1979) hypothesized that the decrease in the slope coefficient 
of the EMG amplitude versus force relationship and concomitant increase 
Figure 3. The mean responses for the integrated EMG amplitude values (μV) across 
each of the incremental isometric muscle actions at 10%–100% of the 0 week MVIC) 
torque value performed in 10% increments (Moritani and deVries 1979). At the 4 
week testing visit, the subjects repeated the same procedures using their previously 
determined 0 week MVIC torque value, and the subjects also performed an addi-
tional MVIC to determine their 4 week MVIC torque value.  
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in arm cross-sectional area reflected a reduction in the number of motor 
units required to produce pretraining force levels as a result of muscle hy-
pertrophy. DeFreitas et al (2012) applied the EMG-based mathematical 
model of Moritani and deVries (1979) to MMG and reported a mean de-
crease in the slope coefficient of the MMG amplitude versus force relation-
ship for the leg extensors and a mean increase in total thigh muscle cross-
sectional area (DeFreitas et al 2011) as a result of eight weeks of bilateral 
leg press and leg extension resistance training at an 8–12 RM load. The 
decrease in the slope coefficient of the MMG amplitude versus force rela-
tionship was attributed to muscle hypertrophy because fewer motor units 
were required to produce pretraining force levels (DeFreitas et al 2012). 
Therefore, decreases in the slope coefficients of the EMG amplitude and 
MMG amplitude versus force relationships have been used to make infer-
ences regarding the effects of resistance training on muscle hypertrophy 
(Moritani and deVries 1979, DeFreitas et al 2012). 
The results of the present study indicated that there was a mean decrease 
in the slope coefficient of the EMG amplitude versus torque relationship 
Figure 4. The mean responses for the MMG amplitude values (m∙s−2) across each 
of the incremental isometric muscle actions at 10%–60% of the 0 week MVIC torque 
value performed in 10% increments (DeFreitas et al 2011). At the 4 week testing 
visit, the subjects repeated the same procedures using their previously determined 
0 week MVIC value.  
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(Figure 3) and a mean increase in muscle cross-sectional area of the biceps 
brachii (Figure 2). These findings supported the hypothesis of Moritani and 
deVries (1979) that muscle hypertrophy results in a reduction in the number 
of motor units required to produce pretraining force levels and, therefore, 
a decrease in the slope coefficient of the EMG amplitude versus torque re-
lationship. In the present study, however, there was great variability in the 
slope coefficients of the EMG amplitude versus torque relationships for in-
dividual subjects (Table 3). For example, four subjects exhibited decreases in 
the slope coefficients for the EMG amplitude versus torque relationships and 
‘real’ increases in muscle cross-sectional area. Two subjects, however, exhib-
ited increases in the EMG amplitude slope coefficients and one of these sub-
jects exhibited a ‘real’ increase in muscle cross-sectional area, and the EMG 
slope coefficients remained unchanged for six subjects, but five of these 
subjects exhibited ‘real’ increases in muscle cross-sectional area. Together, 
these findings indicated that the mean EMG amplitude versus torque rela-
tionship was sensitive to mean changes in muscle hypertrophy as a result 
of resistance training, but for eight of the 12 individual subjects, the appli-
cation was not valid. 
There was no mean change in the slope coefficient of the MMG ampli-
tude versus torque relationship in the present study (Figure 4). In addition, 
one subject exhibited an increase in the slope coefficient for the MMG am-
plitude versus torque relationship, but a ‘real’ increase in muscle cross-sec-
tional area, one subject exhibited a decrease in the MMG slope coefficient, 
and a ‘real’ increase in muscle cross-sectional area, and for ten subjects, the 
MMG slope coefficient remained unchanged, but eight exhibited ‘real’ in-
creases in muscle cross-sectional area (Table 4 and Figure 2). Thus, these 
findings indicated that the slope coefficients of the MMG amplitude ver-
sus torque relationship were not sensitive to mean or individual increases 
in muscle hypertrophy. 
The present findings were not consistent with those of DeFreitas et al 
(2012) who reported a mean decrease in the slope coefficient of the MMG 
amplitude versus force relationship and a mean increase in total thigh mus-
cle cross-sectional area (DeFreitas et al 2011). The present study examined 
the MMG amplitude responses and muscle cross-sectional area from only 
the biceps brachii muscle. DeFreitas et al (2012) examined the MMG ampli-
tude responses from the vastus lateralis only, but total thigh muscle cross-
sectional area included the leg extensors and leg flexors (DeFreitas et al 
2011). Thus, in the present study, muscle hypertrophy and MMG amplitude 
responses were specifically related to only one muscle, while DeFreitas et 
al (2012) examined the MMG responses from the vastus lateralis, but mus-
cle hypertrophy was related to the total thigh (DeFreitas et al 2011). Con-
sequently, the mean percentage increase in muscle cross-sectional area of 
the biceps brachii in the present study was greater than that for total thigh 
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muscle cross-sectional area of DeFreitas et al (2011) (26.6% versus 9.6%), 
but the mean absolute increase was considerably less (1.56 cm2 versus 13.9 
cm2). Furthermore, in the present study, for the individual subject responses 
there was an increase, decrease, and no changes in the slope coefficients of 
the MMG amplitude versus torque relationships. DeFreitas et al (2012) re-
ported that nine of the 21 subjects demonstrated no changes in the slope 
coefficients of the MMG amplitude versus force relationships. Thus, the com-
bined results of the present study and those of DeFreitas et al (2012) indi-
cated that for 19 of the 33 total subjects, there was no significant training-
induced decrease in the MMG amplitude versus force or torque relationship. 
Therefore, the present findings in conjunction with those of DeFreitas et al 
(2012) indicated that the MMG amplitude versus torque (or force) relation-
ship was not sensitive to individual changes in muscle hypertrophy. 
5. Limitations 
The amplitude of the EMG and MMG signals were used to infer changes in 
muscle activation and motor unit recruitment, respectively. A number of an-
atomical, physiological, and non-physiological factors, however, can affect 
the EMG signal including subcutaneous tissue layer, amplitude cancellation, 
environmental noise, and electrode placement (Basmajian 1985, Keenan and 
Valero-Cuevas 2008, Farina et al 2004, 2014). For example, the amplitude 
of the surface EMG signal represents the algebraic summation of the acti-
vated motor units and their firing rates. Consequently, the absolute voltage 
recorded by surface EMG is inversely related to subcutaneous adipose tis-
sue layer (Petrofsky 2008) and decreases proportionally with adipose tissue 
thickness (Nordander et al 2003). However, 12 weeks of resistance training 
of the upper arm had no effect on adipose tissue thickness in women as as-
sessed by magnetic resonance imaging and skinfold measurements (Kostek 
et al 2007). Thus, it is unlikely that the EMG amplitude versus torque rela-
tionships in the present study were affected by training-induced alterations 
in subcutaneous adipose tissue thickness. 
Amplitude cancellation describes the loss of information captured by sur-
face EMG that occurs as a result of ‘overlapping positive and negative phases 
of motor unit potentials cancel one another and reduce the amplitude of the 
signal.’ (Keenan et al 2005, p 120) and amplitude cancellation increases with 
contraction intensity (greatest during maximal voluntary efforts) (Keenan et 
al 2005, Keenan and Valero-Cuevas 2008). Farina et al (2004) suggested that 
amplitude cancellation underscores the limitation when examining neural 
drive as a result of an intervention as assessed by the EMG amplitude ver-
sus torque relationship. Specifically, Farina et al (2004) suggested ‘because 
of the many factors that can influence this relation (EMG amplitude versus 
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torque)… this relation should be identified on a subject-by-subject and mus-
cle-by-muscle basis.’ (Farina et al 2004, p 1489). Consistent with the precau-
tions outlined by Farina et al (2004), a strength of the present study was that 
the EMG amplitude versus torque relationships were all examined on a sub-
ject-by-subject basis for the biceps brachii muscle exclusively and each rela-
tionship was plotted and the subsequent strength and magnitude of those 
relationships were described for each subject. 
Inconsistent placement of electrodes could also alter the EMG signal 
and subsequent EMG amplitude versus torque relationships. To control for 
the influence that electrode placement may exhibit on the EMG amplitude 
versus torque relationships, the bipolar electrode arrangement was consis-
tently placed over the same location on the muscle for each subject through-
out the training intervention (Farina et al 2004). The location was identified 
based on the recommendations of Barbero et al (2012) and a minimal inter-
electrode distance of 30 mm was used (the accelerometer was placed be-
tween the bipolar electrode arrangement). In addition, each waveform and 
power-density spectrum were examined for signal quality and environmen-
tal noise (i.e. 60 Hz). 
The MMG signal can be influenced by muscle stiffness, muscle tempera-
ture, the viscosity of the intracellular and extracellular fluids, and intramus-
cular fluid pressure (Stokes and Dalton 1991, Orizio 1993, Beck et al 2005). 
MMG amplitude is inversely related to muscle stiffness which is a function 
of force production (Ettema and Huijing 1994). Training-induced increases 
in muscle strength may result in greater muscle stiffness at lower submaxi-
mal intensities that could decrease the MMG amplitude versus torque rela-
tionship. In the present study, however, the MMG amplitude versus torque 
relationships were derived based upon 0 week strength values and deter-
mined from 10%–60% of the pre-training MVIC value as per the protocol 
of DeFreitas et al (2012). In addition, the MMG amplitude versus torque re-
lationships increased linearly (r2 = 0.675–0.988) for all subjects from 10%–
60% at 0 week and 4 weeks. 
The amplitude of the MMG signal increases proportionally with skin 
temperature (Mito et al 2007), but is inversely related to intramuscular fluid 
pressure which is function by intracellular and extracellular fluid concen-
trations (Sjogaard and Saltin 1982). Skin temperature and intramuscular 
fluid pressure increase as a result of exercise, particularly under fatiguing 
conditions. To reduce the influence that muscle temperature and intramus-
cular fluid pressure may exhibit, the MMG amplitude versus torque rela-
tionships were performed under nonfatiguing conditions and one to two 
minutes of rest were allowed between each of the randomized, incremen-
tal submaximal isometric muscle actions. In addition, the echo intensity 
function via ultrasound has been used to track changes in intramuscular 
fluid concentrations (Damas et al 2016). We have recently reported that 
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there were no changes in echo intensity (intramuscular fluid concentra-
tions) following 4 weeks of a BFR resistance training intervention (Hill et al 
2018). Collectively, there are a number of confounding factors that may af-
fect the interpretation of the EMG and MMG amplitude versus torque rela-
tionships as indicators of motor unit recruitment and muscle hypertrophy, 
but the methodological approaches in the present study were used to re-
duce the influence of these factors on the EMG and MMG signals. In the 
present study, torque was assessed during forearm flexion muscle actions 
that represent the collective force output of the biceps brachii, brachiora-
dialis, and brachialis. Ultrasound, EMG, and MMG, however, were assessed 
from the biceps brachii muscle exclusively. Therefore, agonists muscles may 
have contributed to the changes in torque as a result of resistance train-
ing that may affect the subsequent ultrasound, EMG, and MMG responses 
of the biceps brachii muscle. 
6. Summary 
The results of the present study indicated that the EMG amplitude versus 
torque relationship was sensitive to group changes in muscle cross-sec-
tional area during the early-phase of resistance training. There was, how-
ever, great variability for the individual EMG amplitude versus torque re-
lationships that limits its application for identifying individual changes in 
muscle hypertrophy. The MMG amplitude versus torque relationship, how-
ever, was not sensitive to group or individual changes in muscle cross-sec-
tional area after four weeks of resistance training. Thus, unlike the EMG 
amplitude versus torque relationship, the MMG amplitude versus torque 
relationship should not be used to examine early-phase (i.e. <4 weeks) 
changes in muscle hypertrophy.   
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